Dr. Miriam Wattenbarger is a senior lecturer at the University of Pennsylvania. She teaches biotechnology and biochemical engineering courses and labs, and co-directs a drug delivery systems course with faculty from the engineering and medical school. Miriam is also very interested in community STEM outreach to students and developing community service learning programs for undergraduate students. Collaborations between medicine, engineering, chemistry and biology are essential to develop new drug delivery systems to address complex medical problems. For example, improving spatiotemporal control of pharmacological agent activity will enable new treatments of many maladies. The immediate goals in this field include the design and translation of agents to the clinic capable of safe permeation of biological barriers and targeted delivery to intended therapeutic sites at sub-cellular precision level on the scale of nanometers and molecules.
Introduction
The importance of interdisciplinary research (IDR) and collaboration between academic departments is widely noted by national professional organizations, funding organizations and academic institutions. 1, 2, 3 The close proximity of the hospitals, medical school, engineering school and science departments at the University of Pennsylvania provides many opportunities for interaction between academic departments to solve complex problems in medicine and engineering. Also, CT 3 N coordinates seminars and an annual conference for faculty, researchers, graduate students and post-doctoral scholars from PSOM and SEAS and brings together researchers from UPENN, CHOP and other institutions in the area. The goal of the Center is to bring more faculty and students together to develop new science and engineering breakthroughs for therapeutics.
For example, improving spatiotemporal control of activity of pharmacological agents will enable new treatments of many maladies. The immediate goals in this field include the design and translation of agents capable of safe permeation of biological barriers and targeted delivery to intended therapeutic sites at sub-cellular precision level on the scale of nanometers and molecules. This highly interdisciplinary scientific enterprise draws from diverse disciplines, including chemical and biomolecular engineering, material and pharmaceutical sciences, biotechnology, nanotechnology, bioengineering, pharmacology, imaging, and diverse areas of biomedicine.
In order to meet the challenges of preparing a young cadre for multidisciplinary research in academia, industry, technology transfer and regulatory organizations, we have established a new course to train juniors, seniors and graduate students on current methods and research in drug delivery. While this paper explains the structure of one DDS course, we expect that the framework of the course can be used to develop interdisciplinary courses at other institutions where faculty research and student interests span different schools or departments. In fact, one of the course directors recently employed the organizational and educational principles of this course to establish a new interdisciplinary PhD level graduate course on cardiovascular biology, medicine and engineering.
Many types of interdisciplinary courses are presented in current engineering education literature. These include courses for engineers and business students on the global pharmaceutical industry 4 , a nature-inspired senior chemical engineering class 5 , and a research presentation and discussion class with doctoral students in engineering, life science and physical science 6 . Recent papers on interdisciplinary projects for engineers include initiating interdisciplinary projects at a univeristy 7 , graduate student participation with faculty and staff in an interdisciplinary project on women in science and engineering doctoral programs 8 and interdisciplinary design projects 9 . Two elective courses on drug delivery for senior chemical engineers have also been developed recently. 10, 11 The course developed by Anderson applies fundamental chemical engineering principles to pharmaceutical and biomedical problems. The course described by Farrell and others also applies engineering principles to drug delivery problems and includes experimental work. Our DDS class is unique from engineering courses in the inclusion of non-engineering majors and a project focused on developing new drug delivery systems from current journal articles.
The intent of the DDS course is to develop an interdisciplinary learning community for the students as they develop a research proposal that spans disciplines. Research on the social nature of human learning has identified practices that lead to successful interdisciplinary learning. 12, 13, 14 The social learning concepts considered in our course include cognitive, social and emotional components for successful interdisciplinary collaboration 12 . The cognitive and social components have been discussed as developing a community of practice previously 13 , so the emotional component is an addition to the community of practice model. Learning new scientific concepts and techniques in current research on drug delivery systems as well as understanding the importance of scientific contributions from several disciplines are cognitive components of the class. The social component refers to developing positive social interactions as students ask questions, critique a classmate's work and work together as a team. Our social goals for the students include building a sense of trust, collegiality and a sense of belonging within the class. The emotional component considers a feeling of accomplishment, appreciation of progress toward a common goal, and enjoyment in the project, but may also include frustration when a group member who is not participating well.
The subject matter of this course deals with drug delivery systems and targeted therapeutics. In pharmacological sciences, the term "targeted therapeutics" means drugs with specific molecular targets for action -enzymes (e.g., kinases, proteases), ion channels and other biomolecules involved in the disease process. However, even drugs with such specific targets greatly benefit from achieving high spatiotemporal control of their effects, i.e., their site-selective delivery and initiation or termination in desirable parts of the body: tissues, pathological components, cells and cellular compartments. Furthermore, somewhat paradoxically (but not entirely counterintuitively in retrospect), most specific and potent drugs such as biotherapeutics (e.g., enzymes and genetic materials including siRNA) in fact require site-selective delivery at nano-scale level in order to achieve desirable effects.
Drug delivery research requires an interdisciplinary approach that includes pharmaceutical sciences, bioengineering and materials science, and biomedical sciences as shown in Figure 1 . Historically, education efforts in this domain have been focused in the schools of pharmaceutical sciences, usually in prominent universities with an active research program in drug delivery. This course is highly unusual as it represents the joint educational effort of the school of medicine and the school of engineering. One of the challenges of the course has been to develop a curriculum that can appeal to students from a range of backgrounds such as chemical engineering, biochemistry, and pharmacology. The course consists of lectures given by the two directors of the course with additional guest speakers and a semester-long group project on a proposal for a new DDS. Collaborative projects between faculty members in the schools of medicine and engineering pursuing research in these areas enabled recruitment of lecturers who are leaders in their fields. At the same time, the course facilitates one of the training goals of the course, namely, connecting students enrolled in the course with labs for prospective rotations, thesis research or lab positions.
Course Structure
The classes are taught by faculty from engineering and medicine who participate in CT 3 N. Student questions are welcomed during and after the presentations to encourage student interaction and class discussion with the speakers. The schools and departments represented by the speakers appear in Table 1 . One of the speakers from outside the campus is a drug discovery and development scientist from Merck who provides a viewpoint on industrial drug discovery. There is another guest speaker from a different institution each year invited to give a seminar on current research that is geared to the students. The two course directors from chemical and Students from the schools of engineering, medicine, and sciences are encouraged to register for the course. We seek to include a broad range of disciplines represented to reflect the interdisciplinary nature of academic and industrial drug development labs. The student disciplines and program distribution varies from year to year as shown in Table 2 . The majority of the students are in Master's programs, and there are a significant number of undergraduates each year. The number of PhD students is less than the number of undergraduate students. The programs and departments represented vary significantly from year to year. The student enrollment has varied from 20 to 38 over the four years. The four units of material presented in the course are shown in Table 3 . The first unit begins with a discussion of the traditional routes of drug administration and drug distribution in the body to introduce students to pharmacokinetics and pharmacodynamics. Modeling of drug transport in the body considering convection in the vascular system and diffusion in interstitial tissue is explained and applied to applications such as skin patches and drug depots. The limitations of traditional drug delivery and the need for new methods to delivery biologicals such as proteins, antibodies and other biopharmaceutical drugs introduce the need for research in new drug delivery systems (DDS). Lectures on vaccines, cell therapies, and gene therapy are given to present specific applications of biotherapeutics.
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The second unit introduces the structure, properties and biological behavior of liposomes and polymersomes. The control of nanocarrier degradation and hydrogel implants by varying the material properties is explained from a material science perspective. Two applications for this unit include lectures on stents and oral DDS.
The third unit of the course presents targeted drug delivery systems and pathways for drugs to enter cells and cellular compartments. Affinity targeting is introduced for tumors, inflammation and ischemia. Examples for DDS include phage display methods for generating antibodies, interaction of cells with surfaces under shear flow, recombinant fusion proteins techniques for therapeutic proteins, molecular and cellular imaging with nanocarriers, and pH sensitive drug delivery methods.
The fourth unit presents translational aspects of DDS for specific applications such as targeting tumor vasculature, hematological malignancies, cardiovascular targets, nanotoxicology and the crossing the blood-brain barrier. One lecture on intellectual property and commercialization of new drug carriers and another on translation of research to a start-up company completes the course. Since the students are from a different departments or majors such as material science or chemical engineering to biology, biochemistry, pharmacology and pre-medicine, it is a challenge to prepare lectures for students with different backgrounds and to assess student learning in exams. The lectures are a survey of drug delivery topics that begin with a general introduction. A lecture may be familiar to a few students and new material for many in the class. Students may find some of the lectures elementary, while other lectures outside of their field are more challenging.
While the lectures cover a range of drug delivery topics, the group project challenges the students to develop depth in a particular area of their choice. Many of the team members have students from different departments, such as engineering, biochemistry and nanotechnology. The objective is for each student to contribute skills and knowledge to the team. Each team presents their work several times during the semester, so all of the students can learn from the other group projects also.
As an important extracurricular activity outside of the direct framework of the course, the students are invited to attend weekly meetings of a faculty, post-doctoral scholar, research investigators and graduate student involved in drug delivery research. Three weeks of the month, the meetings are journal club discussions lead by the students or post-docs. About once a quarter, a speaker leading a research lab in a university in the tri-state area discusses a current research project. Once a month, a distinguished academic or industrial researcher of international prominence visits campus to give a research talk to the larger drug delivery research community. Attending these events with other students and faculty introduces the students to the larger drug delivery research community on campus.
Course Goals
A list of course goals is shown in Table 4 . The first goal refers to broad knowledge over a range of DDS topics covered in the lectures, while the second goal refers to the depth of knowledge demonstrated in their research proposal. Goals 3-6 refer to research, communication and teamwork skills essential for the project. Table 4 . Course Goals 1 The students should be able to discuss and explain the following concepts after completing the course. a. The need for new drug delivery systems b. The advantages and applications of biotherapeutic drugs c. The routes for drug transport in the body d. The benefits of nanocarriers as a drug delivery system e. Several systems used to target drugs to specific areas in the body f. Current drug delivery systems in research g. The design and application of targeted drug delivery systems h. The challenges involved with developing new drug delivery systems i. The translational aspects of DDS: intellectual property, commercialization and regulatory aspects of development of a new drug delivery system 2. A thorough understanding of the group's DDS proposed and the methods used to test the DDS 3. Develop skills in reading current scientific articles on drug delivery topics 4. Develop skills for working in groups to schedule meetings, divide tasks, prepare reports and presentations for the proposal 5. Participate in a peer review process 6. Develop written and oral communication skills Each student evaluates their group members' contributions to the project at the end of the semester to check on the level of student participation in the group. If the students give one of their group members a low participation score, that student will likely receive a lower project grade than the other group members.
Proposal
The students research a drug delivery topic and propose a proof-of-concept study for a new design, method or drug delivery system. The proposal should contain an original idea that extends the current state of the field. Students may recommend a new set of experiments, a computer simulation, computational analysis of a problem, a novel device, a new type of nanoparticle, or a unique technique related to a drug delivery system, for example. Discussions with graduate students, post-docs or class lecturers with expertise are encouraged. The project does not include lab work.
The project is divided into small deliverables throughout the semester as shown in Table 5 . In week 1, the students form a group of 3-4 members. In week 2, they submit a one paragraph explanation of their topic. In weeks 3 and 4, the students give a short presentation with 2-3 slides and answer questions from the class and instructors. The purpose of the presentations is for the group to teach the class about their project and answer questions from students and instructors. Since the first presentation is early in the semester, the comments and suggestions in weeks 3 and 4 can encourage the groups to consider modifications that will enhance the success of their project. The first draft of an abstract and proposal are due in week 6. The proposal should include the background of the work, objective, approach and significance of the work. The audience for the proposal is the class, so students may assume the reader is familiar with all of the DDS course material. The objective should be focused on a proof-of-concept study for the project. The suggested timeline for the project is about three years to encourage the students to focus on a few experiments for proof-of-concept studies. We prefer the projects focus on a narrow objective with a deeper understanding of the scientific details rather than a broad overview of a number of different experiments.
The abstracts are discussed in groups of students with an instructor to provide feedback for the authors and more discussion of the project ideas. The students are divided into two groups for the discussion, such as groups 1-5 and 6-10. Before class, each student in group 1 reads the abstracts for groups 2-5. In class, group 1 will respond to questions and receive comments from groups 2-5 on the abstract. The feedback should include comments on the clarity of the abstract as well as the approach presented in the abstract. By giving and receiving comments on each group's abstracts, we hope that the students will benefit from the feedback, learn more about the other projects and be comfortable discussing the projects with the group.
Before the group discussions on the abstracts, the students are reminded to be professional in their comments and questions for their classmates. Treating all projects fairly and respecting the students is encouraged in the critique sessions.
A second draft of the proposal due in week 10 is submitted for a peer review process. The abstract and proposal are reviewed by groups to provide student feedback on each project. The peer review is carried out as a mock-study session similar to NIH or NSF grant reviews. The teams are divided into two groups, such as groups 1-5 and 6-10. Each group of students meets in a separate classroom for the peer review. The students in groups 1-5 review the proposals of groups 6-10 while groups 6-10 are in a different classroom reviewing proposals 1-5. The students are more comfortable discussing the proposals and provide better feedback if the authors are not present in the classroom. As an example, group 1 reads the group 6 paper and prepares comments and leads the discussion for the group 6 paper. Groups 2-5 read the abstract for the group 6 the day before the peer review. Groups 1-5 discuss the paper and compile a list of comments and questions for group 6. Group 1 is responsible for preparing written comments of the class discussion and the group 1 comments on the paper. The instructor collects the comments from each room and distributes the comments to the authors of each paper. The identity of the review group for each proposal is confidential before the peer review, but a table of the review group for each paper may be posted after the peer review if authors would like to discuss the comments with the reviewers in person.
The peer review process is very beneficial for the authors and the review groups. The authors receive detailed comments from classmates in a collegial atmosphere. The reviewers gain a greater understanding of the specific details and clarity required in a proposal. The reviewers often identify problems in a proposal that are also present in the proposal written by the reviewers themselves. The ability of the reviewers to see their own mistakes critically and edit their own proposal is greatly improved.
The students have 3-4 weeks to finish writing their proposal after the peer review. Each group gives a 10 minute oral presentation followed by 5 minutes of questions during the last week of class. Every group member is required to speak during the presentation and be prepared to answer questions. The students and instructors ask questions after each presentation.
In addition to learning a great deal about their own project, the students learn about the other projects from their classmates throughout the semester. The experience of following and critiquing the projects from a brief description of a topic at the beginning of the semester to a well-developed final presentation is very beneficial. The students learn about projects from different areas that they are not familiar with at the beginning of the semester. They participate in critiques of the projects, observe how each project developed over time and hear a summary of the work in the final presentation. The structure is designed to encourage the students to develop their ability to understand different areas of drug delivery research and participate in the project development through critiques over the semester.
Canvas Learning System
The course is managed through Canvas. All of the lecture PowerPoint slides are available on Canvas before each lecture when possible. A folder with current journal articles for each lecture is available on Canvas for additional reading on each topic. The students are not required to read the papers, but they provide articles for students to learn more on the lecture topics or articles that are relevant to the group projects. Assignments are submitted to Canvas and redistributed to the appropriate groups for the abstract or paper reviews.
Assessments
The student's grade is based on grades from a mid-term exam, final exam and the group project. The exams are worth 60%, and the project is 40% of the final grade. A group participation assessment given at the end of the semester may decrease the project grade if a student has not participated fully in the group project.
Exams represent a challenging aspect of the course, for several reasons. First, students in the class -PhD candidates from the medical school, PhD and MS candidates from the school of engineering, undergraduate students -have experience with different forms of examination ranging from multiple choice to brief descriptive paragraphs or drawing a schematic. Since this is a PhD-level course, the directors opted not to use the multiple choice format. On the other hand, the subject matter of this course is very much evolving and likely will continue to evolve for the foreseeable time. This means that instructors have to be extremely careful to use exam materials that are relatively well established in the field, and yet nevertheless to attract students' attention to the fact that current state of the art and knowledge in the DDS are likely to change in the future.
The exams are not structured as typical exams in required courses for a particular major. The students have a wide range of backgrounds, and it is not reasonable to expect a biology student to learn engineering methods in depth and how they apply to DDS in one semester. Likewise, it would be difficult for engineers to learn extensive anatomy, immunology, and pharmacology in one semester.
The exams have required questions taken from the introductory lectures in each section that are reasonable for all of the students to understand. The students are also required to answer several optional questions from the lectures that are more specific to immunology, engineering, or materials science. For example, there may be 6 questions on broader topics such as drug discovery, types of nanocarriers or targeted drug delivery. Optional questions on five topics such as the advantages and disadvantages of in vivo and ex vivo gene therapy, a detailed description of hydrogel DDS, or the design of nanocarriers to stick to a surface under shear flow are written for the exam. The optional questions are varied among the disciplines so that one may be a chemistry question, another on pharmacology, and a third one an engineering question. The students are required to answer three of the five optional questions. Before each exam, lectures are divided into two categories: lectures to study in detail and others that will have optional questions. The students are also told how many optional questions will be on the exam. The answers to the questions are detailed discussions of the topic written in paragraph form. The objective is to assess the breadth of understanding of general drug delivery topics and the of a few areas chosen by the student in more detail.
The project grade includes the score on the first draft of the abstract and proposal, the final proposal and the final presentation. The students sign in for attendance for the peer review and final presentations for a class participation grade. A low participation grade can reduce the project score for the student.
Course Evaluation
The students complete a course survey after Sections II and IV. Each speaker's name and lecture titles are listed for evaluation of the lectures. The main purpose of the evaluation is to check on the difficulty of the lectures, so the options are easy, ok, and hard. The student rates each lecture as easy, ok or hard. The number of responses for each category of difficulty was tallied and divided by the total number of lectures to calculate the average student response. The average rating for each level of difficulty varies from year to year, but the error bars overlap in for each level of difficulty over all three years. Most of the students found the difficulty to be ok with a range of 72% to 87%, a difficulty of easy for a range of 3% to 9% and a difficulty of hard for a range of 9 to 17% for 2014-2016. A graph of the data for 2014 to 2016 is shown in Figure 2 . The second part of the evaluation asks for a response to the three questions: 1) if more background lectures were needed, 2) aspects of the course they liked, and 3) suggestions for improvements in the course. The questions and some responses are shown in Table 6 . Responses to question 1 on additional background lectures mention immunology, endothelium, thrombosis, physiology and biology. However, several students commented that even though they have not had biology in college, they were still able to follow the lectures. on positive aspects of the course, many students commented on the diversity of guest speakers, hearing enthusiastic speakers who are active in drug delivery research, and enjoying the project. The students wrote comments for improving the course in question 3 that included the exam was too long, a course time of 9 am is too early, and some repetition between lectures while a number of students mentioned that no changes were necessary. It is difficult to categorize all the responses neatly, but in general, the students were happy with the lectures, guest speakers and the project. The negative comments concerned the exams, course time, some repetitive lectures, and the need for a clear project schedule and grading rubric. Each year we review the comments and adjust the lectures and background material to respond to the comments. In 2015 and 2016, we added optional journal reviews to give groups in 2015 or individuals in 2016 an opportunity to present a paper and lead a class discussion for extra credit. Some of the students gave good presentations and led interesting discussions, but many of the students were not enthusiastic or did not participate. In 2017, we replaced the literature review sessions with a class presentation on the group proposals early in the semester and an abstract discussion a few weeks later. The students were more motivated to discuss their work and get feedback. A more detailed project schedule, a presentation on the topic in weeks 3 and 4, and the abstract discussion in week 6 was added to give more feedback on the project before the first draft is due. We hope that providing feedback in weeks 3 and 4 before the first draft is due will encourage the students to develop their project early in the semester and receive more comments to improve their work.
Challenges
The most challenging aspect of teaching the course is the students' disciplines and programs vary significantly from year-to-year. The students all have science and engineering backgrounds, and they are familiar with research, reading scientific articles and writing scientific papers. Most of the students are very motivated by the material and are interested in a research or pharmaceutical career. However, for each student, a few lectures will repeat familiar material and a few may be difficult to understand. To accommodate students with little background, a few basic concepts pertinent to the lecture are reviewed at the beginning and the speakers welcome questions on the material throughout the lecture. We remind our students during the semester that some lectures may be easy and others difficult according to their background to lessen student frustration.
The second challenging aspect is the variation in class participation among the students. We would like all of the students to become more comfortable with asking questions of guest speakers or classmates and participating in class discussions, but usually about one third of students participate actively and the remaining students participate very little. When the class divides into two smaller groups for the abstract and peer review discussions, there is much higher student participation. We will continue to look for ways to enhance student participation.
Summary
We have developed and taught a drug delivery course for four years for an interdisciplinary class of engineers, biologists, chemists, biomedical scientists and pharmacology students at UPENN. Undergraduates, Master's and PhD students are represented in the class. Two instructors direct the course and teach almost 50% of the lectures, and the remaining lectures are taught by drug delivery researchers. The lecture topics cover a broad range of drug delivery topics, and the students work in groups on a drug delivery research proposal. The students submit drafts and give presentations several times during the semester to provide structure for the semester-long project. A peer review is a very important exercise that provides student feedback for each group and teaches the students to edit their own paper more critically.
The students enjoy the wide survey of drug delivery techniques, lectures by experts in the field, and the group project. The students can use the group project as an example of their ability to work in groups and complete a semester-long research project when they apply for jobs. Undergraduate or Master's students interested in another degree can develop skills in reading current journal articles and gain a better understanding of research. Some students pursue research lab opportunities with speakers in the class. The challenges for the instructors include a diverse student background that varies significantly each year.
While this paper has focused on a drug delivery course, the framework for the course can be applied to interdisciplinary courses in other research areas with overlap between different departments or schools.
